The beds of early Tertiary age in eastern Saudi Arabia are in large part chemical precipitates laid down in a shallow epicontinental sea. The sequence is divided into three formations, each clearly differentiated in both lithology and fauna. From bottom to top they have been named the Umm er Radhuma, Rus and Dammam formations. Ecologic conditions remained more or less uniform for considerable lengths of time. Consequently, the fauna, made up mainly of foraminifera, became well adapted to the environment, as demonstrated by the abundance of some species. The great number of individuals of these species have a range of variability much broader that that seen in other areas of their occurrence. The detailed study of these variations has demonstrated that species have often been defined on too small a number of individuals. The abundance of specimens has allowed evolutionary trends in species to be traced even to the extent that in the end some variants must be classed as a discrete genus.
Introduction
Since Cambrian times the Arabian peninsula (except Oman) has not been subject to largescale orogenic movements, and, because of this relative stability many lithologic units consist of fine-grained sediments, among which limestones and evaporites are major constituents. Early Tertiary formations follow this rule. They are almost entirely limestones, marls, and evaporites laid down in the littoral of the Tethys sea. 
Location of outcrops
The area included in this study lies between 22° and 30° North. It occupies the broad area between the shore of the Persian Gulf and a NW trending line joining Ain Wasia and Themami (Fig. 1) . Outcrops of Eocene age occupy only a small part of this 34,000 square kilometers, because most of this area is covered either by Neogene sediments or sand. However, marine strata assigned the Eocene underlie the entire region east of the outcrops.
Some 250 km west of the shoreline in the western portion of the Summan, rocks of Paleocene-Eocene age crop out in a band ranging in width from 25 to 120 km. This band, although partially covered by the Dahana, (moving sand) forms an arc convex to the East. The arc occupies much of Saudi Arabia north of the 'Rub al Khali and crosses the northern border into Iraq where Paleogene outcrops also occupy extensive tracts. To the South the outcrop belt disappears under a younger Tertiary cover. In outcrop the Paleogene is some 330 m thick of which the basal 160 m represent the Paleocene.
In the coastal region of Al Hasa outcrops of Eocene age are few. They exist only on Dammam dome, in Bahrain, on the Qatar peninsula and in the Haradh area. Where topographic relief exists (Dammam, Bahrain and Qatar) erosion has exposed sections complete enough to make their study worthwhile. However these outcrops have been found to be markedly thinner than the succession present in the coastal subsurface, undoubtedly because of the local absence of evaporites, a slower rate of sedimentation over sea-floor highs and more intense compaction later, all due to continual uplift during and after deposition.
The lower part of the outcrop sequence is more or less strongly altered in many localities, sufficiently so that the fauna is for the most part unidentifiable or unrecognizable.
Stratigraphy
Strata of Paleocene and Eocene age present offshore and west of the Persian Gulf are designated by the term Hasa Series, taken from the name of the province of al Hasa where they crop out. In Saudi Arabia itself this series includes strata that have been correlated with European stages from the base of the Montian through much of the Lutetian. North and east of Saudi Arabia upper stages of the Eocene epoch may exist (SLINGER et al., 1951) but in Al Hasa the series ends with an incomplete representation of the Lutetian stage. ARAMCO geologists divide the Hasa Series into three formations -each has been mapped as such. The basal unit has been named the Umm er Radhuma Formation. The name was chosen because of the site of the type section in an erosional escarpment near a well of that name; limestone and dolomite predominate, but the formation includes small quantities of marl and calcareous shale. The formation appears to rest conformably on Cretaceous limestones of similar aspect. This lower boundary is placed at the top of a thin bed of dark colored dolomitic clay shale, under which Maestrichtian fossils, predominantly neritic, occur. Not far above the shale a shallow water, mainly benthonic Paleocene microfauna exists, its representatives persisting for tens of meters of section. In the upper part of the Umm er Radhuma Formation, in poorly bedded strata lithologically similar to those below, is a fauna dated early Eocene by geologists working in India (DAVIES & PINFOLD, 1937; NUTTALL, 1925a) . Portions of this fauna continue to the upper limit of the formation where there is a rather abrupt transition to anhydrite, limestone, and varicolored clay shale, characteristics of a shallow desiccating basin.
This environment produced strata easily identifiable in both well and outcrop. They are named the Rus Formation from the outcrop on the southeast flank of Jebel Umm er Rus. Anhydrite, a characteristic of the sequence encountered in many wells of coastal Al Hasa, is absent in this locality.
The uppermost lithologic entity of the Hasa series on land is the Dammam Formation named from its occurrence on the western flank of Dammam dome. It marks the return of a normal marine environment in marls and shales with a benthonic marine fauna thought to be of Ypresian age that grade upward to limestones with a Lutetian microfauna. At the upper limit of some outcrops is a thin bed of silicified limestone containing the leached impressions of small molluscs.
The great lateral persistence of even the smallest recognizable units making up the Hasa Series confirm that it was formed at a time when epeirogeny was the principal mechanism of diastrophism active in the region with continual slow upward movement of salt bodies the only significant modifier of the stable regime. Figure 2 shows the approximate correlation of the Paleogene sequence in Saudi Arabia with the subdivisions of geologic time (stages) established in Europe. Currently, the Danian stage is placed in the Cenozoic because its fauna of planktonic microfossils, not present in the epeiric sea of eastern Saudi Arabia, has Tertiary affinities.
These formations were named and described in a symposium of the American Association of Petroleum Geologists (STEINEKE et al., 1958) . However a more extensive discussion of the succession is in the thesis.
a. Umm er Radhuma Formation
The Umm er Radhuma Formation is not as well exposed at the type locality as it is at Wadi al Batin, 108 km to the southeast. There the sequence referred to this formation is 217 meters thick. The basal unit is 15 meters of very strongly dolomitized limestone on which lie 74 meters of softer chalky limestone and 128 meters of gray to cream crystalline limestone, of which the uppermost 40 meters are partially silicified. In the chalky levels of some outcrops a poorly preserved Paleocene fauna can be recognized while at Wadi al Batin the uppermost 50 meters includes an Eocene microfauna. In no locality has the fauna been well preserved.
However, some of the wells that drilled through the Umm er Radhuma Formation found a large number of microfossils in an excellent state of preservation. Consequently, it has been possible to make lithologic and faunal correlations between well and outcrop. The lithologies of the Umm er Radhuma seen in wells are similar to those of the outcrop, but less altered: they are an essentially unbroken sequence of light colored limestones with scattered intercalations of marl and impure limestone.
It is possible to make subdivisions in this fauna characteristic of warm, shallow water. It includes a number of forms identical to those found in India in the upper Ranikot and lower Laki formations.
b. Rus Formation
At the type locality the Rus Formation is made up only of light colored limestones, chalk, and marls about 55 meters thick. It usually comprises three units: 
c. Dammam Formation
At its type locality the Dammam Formation is only 28 meters thick, but includes all of the levels that characterize it. Near the coast, the basal element is a gray crystalline, pyritic limestone with a small number of foraminifera as fauna. Above it are marls and clays that range widely in thickness, but always include a distinctive brown argillaceous limestone. This limestone is present everywhere near the coast but cannot be recognized far to the southwest. Above the Midra shale (named from its occurrence in Jebel Midra Shemali on Dammam Dome) interbedded in lighter-colored shales are one, occasionally two limestone units that reach a maximum thickness of eight meters each. This limestone, light yellow to brownish yellow in color, is soft, porous, and slightly impure. It has a fauna of foraminifera poor in species but rich in individuals, mainly Alveolina subpyrenaica LEYMERIE. The shales above this Alveolina limestone are more calcareous locally than those below it and grade upward to a gray marl with abundant nummulites. This transition to a more limy regime continues upward with marly limestones, commonly dolomitized near their upper limit which is marked by an abrupt change to dolomitic clay or marl. Dolomitization of the limestone is commonly almost complete and the crystalline texture of the altered beds is recognized in the name "Khobar dolomite". The name is taken from the occurrence of a fossiliferous outcrop of the unit near the village of Al Khobar where it includes an abundant microfauna of Lutetian age.
The marl or shale above the Khobar dolomite is capped by gray, finely crystalline limestone, frequently dolomitic, called the "Alat limestone" from its outcrop near the well Alat n° 1. Over extensive tracts this unit has been made porous through the dissolution of the shells of small pelecypods and gastropods, generally indeterminate. Fortunately some molds were silicified, thus making it feasible to demonstrate that beds of late Eocene age are absent in Al Hasa province.
Near the coast overlying marine deposits are marls and shaly clays that rest with slight angular discordance on Eocene strata. Lower Miocene marine beds may extend some twenty kilometers inland. They are thinner and more sandy with distance from the present coast. Where marine Miocene is absent Eocene strata are covered by fresh water limestones, clays or gravels that, at least in part, are continental equivalents of the marine beds to the east.
Regional changes in lithology and thickness
Less information is available concerning regional variation in the thickness and lithology of the Umm er Radhuma Formation than for overlying units. Wells scattered over a large part of coastal Arabia for the most part do not reach its base. In outcrop, exposures of the entire sequence are few because of the low dip and massive character of the beds. Nevertheless, in the Wadi al Batin channel it is possible to measure its thickness which is about 217 meters. Thickness increases southward so that near Ma'agala it is some 275 m, but it thins again farther south to less than 150 m at Wadi Sahaba. A few tens of km farther south the whole of the Paleogene sequence is covered by Neogene continental deposits.
The thickest section drilled through is along the coast in northern Al Hasa -490 m. Southward a gradual thinning occurs, comparable to that seen in outcrop. Near Dhahran the thickness is but 386 m; still farther south and toward the interior it is only 217 m. Although a part of the thinning may be local and caused by salt tectonics, a substantial portion must result from regional movements of an epeirogenic character.
The Rus and Dammam formations have been drilled through many times by widely dispersed wells. At first glance it is clear that Eocene strata thicken markedly to the northeast and that the progression is in a southwest-northeast direction. Detailed study shows that almost all lithologic entities thicken in the same proportion. Erosion at the unconformable upper limit seems to have been more or less consistent over the entire area, but because to the south and west the succession is thinner, older beds form the erosional surface. The maximum thickness of lower and middle Eocene strata known is in a well at Abu Hadriya where it is 361 m. Farther north and east the thickness is about the same, at least 330 m. The thinnest section known is south of Wadi Sahaba -28 m.
The regional continuity of lithologies has a number of exceptions. Anhydrite is present in the Rus Formation only a considerable distance down dip from the outcrop, its distribution poorly defined. The limestone with Alveolina subpyrenaica LEYMERIE above the Midra shale and under the Khobar dolomite disappears in the far south. Apparently the arm of the sea in which it was deposited did not extend as far as that which laid down the gray marls above and below it.
A similar phenomenon may have influenced the distribution of the Midra shale, but the source of this earthy dark-colored entity, in part finely clastic, may have been in part a water course or courses of which the discharge had a distribution more restricted than that of precipitates of calcium carbonate.
Variations in the make up of the Khobar dolomite are due mainly to the degree of dolomitization. When undolomitized the unit is a finegrained soft limestone. Where the invasion of magnesium was complete it produced a porous, coarsely crystalline dolomite. Its upper limit, an abrupt change to a clay or dolomitic marl, is easy to recognize wherever the sequence is complete. In the south erosion cuts below the contact.
The aspect of the Alat limestone changes little wherever it is found. Any changes are due principally to the presence or absence of the porosity caused by the almost universal and complete solution of the shells of the small molluscs when they are present in large numbers. Other variations are due to change in the number of intercalations of marl in the predominant limestone.
Color changes are common in all three formations so color cannot be used to identify them. However, texture, the sequence of the succession of rock types and the faunas permit easy recognition of equivalency from one locality to another. For example, the dolomitic marl or clay just above the Khobar dolomite may be dark brown, blue, gray, orange or yellow but it is always in the same position between a dolomitic limestone above and a dolomite or limestone below. Where this lower unit is not completely dolomitized it exhibits a characteristic middle Eocene fauna.
Certain color changes have been attributed to the position of a given bed above or below the regional piezometric level. In general it appears that the more brilliantly colored and more variegated sediments are above the water table.
Environment of sedimentation
In eastern Saudi Arabia the restricted number of lithologies and their lateral continuity over the whole area suggests that the depositional environment must have more or less uniform from early Paleocene into medial Eocene times. The most acceptable explanation for this uniformity is that these strata were laid down in a broad shallow epicontinental sea, with its greatest depth not over 200 m. Nearly all of the sediments deposited by it were chemical or organic precipitates in the form of calcareous muds with occasional small quantities of fine clastics introduced by water courses either with an extremely low gradient or with the point of discharge at a great distance from this part of the sea.
A slight decrease in depth and an interruption in direct communication with the open sea during the time of deposition of the Rus Formation would have been sufficient to produce evaporation, a concentration of salts and eventually an important body of anhydrite.
In general, the sedimentary rocks discussed here thin over tracts that are now structural highs. This thinning is greater than that which would be anticipated from compaction alone; more so because anticlinal slopes average less than three degrees. Removal of sediment by currents does not seem to have been in effect because there are almost no detrital or oolitic elements.
Granted that most of the succession was made up of chemical precipitates -then, if the rate of precipitation were uniform throughout the water column, water depth would be the main factor controlling the quantity of sediment formed and thinner sequences would be deposited over sea floor highs. Renewed uplift or continual slow uplift would maintain the differential in water depth and thus accentuate the differences in thickness between highs and lows caused not only by the reduced rate of sedimentation over highs but also by the greater degree of compaction on them. The accentuated structures thus developed are called supratenuous folds.
The fauna confirms that the sea was shallow. It has many elements in common with faunas of the same age in India and a lesser number are shared with those of British Somaliland In some portion of southern Iraq lithologies similar to those of eastern Saudi Arabia exist along with vestiges of the fauna, but by far the major portion of the forms described here have not, according to current knowledge [1952] reached this northern extension of the Tethyan sea. [Drilling along Tapline -the Trans-Arabian Pipe Line-has shown that the sequence of lithologies and the faunas described here disappear rapidly near the northern boundary of Saudi Arabia]
Regional correlation of the Hasa series
The relationships of the fauna of the Hasa series to those of other regions is mentioned above. The following paragraphs enlarge on and complete the discussion of the regional distribution of the invertebrate fauna of the series. The abundance of individuals of the genera Lockhartia and Miscellanea in the lower Umm er Radhuma occurs also in rocks of the same age in northwest India, although a number of Operculines and Assilines in the Paleocene of India as described by DAVIES have not been seen in the Persian Gulf region. With the help of the faunal assemblage discussed above an attempt was made to correlate the formations of Paleogene age along the western shore of the Persian Gulf with those of Egypt and India (Fig. 3) .
Paleontology
The study of the fauna of the Hasa series was made primarily to establish as precisely as possible its position in the standard time scale. The lower limit was determined with ease because of the presence of an indubitable Paleocene microfauna immediately above an unquestionable Maestrichtian assemblage. The upper limit too is relatively well established by the presence of large nummulites that commonly occur only in strata of Lutetian age. They are found just below the erosional (Oligocene absent) upper boundary of the series.
The precise relationship of the boundaries of the lithologic subdivisions of the series to the time scale is more difficult to determine. In fact, the limits indicated in the stratigraphic portion of this study should be regarded only as an exercise of judgment because it is difficult to make exact correlations between widely separated areas of which the faunas have few elements in common. The correlations made here attempted to use other places (Egypt, Somalia, India) in which more or less precise time relationships have been established, to set up grosso modo, an equivalency to the European standard.
The study was not hampered by a lack of microfaunas. Sampling from wells and outcrop in most of eastern Saudi Arabia provided adequate material. Difficulties were presented by the fact that a number of species differ sufficiently from those described elsewhere to make identity uncertain. But, as was done with nummulites, stratigraphic position may be estimated based on the degree of evolution required to reach an equivalent stage. In spite of these problems it is likely that the correlations indicated are close to being exact.
Methods used to study faunas comprised:
• Analysis of the characteristics of most of the larger foraminifera which proved very helpful in correlation because of the restricted vertical range of many.
• Comparison of specimens with described species carried to identification if possible, and if not, to a cf. with the closest relative.
• A study of evolutionary trends: variation in a species, and between closely allied species and genera.
a. Macrofauna
All those who participated in the identification of molluscs agree that the beds from which they were obtained are of middle Eocene age, although M. P. ALAS points out that Ostrea turkestanensisis perhaps a little older. This species comes from the Midra shale and therefore could well be of early Eocene age, but not older, while all the other molluscs come from higher levels in the Dammam Formation.
Rimella fissurella Figure 4 shows the distribution of some of these macrofossils and the age of the strata in which they occur [1. Algeria-Tunisia; 2. Jamaica; 3. Asia; 4. Southern Arabia (THOMAS); 5. Burma].
b. Microfauna
As indicated above, a large part of the microfauna of the Hasa series exists in widely separated areas of the province of Al Hasa. Identical species and associations of species and genera are found in wells and in outcrops separated by some 500 km. The wide distribution of these associations all of which appear to have been restricted to shallow warm water indicates a certain uniformity of ecologic conditions and suggests that the milieu in which sediments were deposited was also relatively stable throughout a great area -a suggestion supported by similar conclusions regarding lithologic entities in widely separated tracts -see "Environment of Deposition" above.
Certain relatively thin lithologic entities, mainly limestones with a very considerable areal extent, have a distinctive fauna, very rich in individuals but limited in the number of species. Elsewhere these beds are replaced by strata of the same age but in discrete lithologic and faunal facies. Thus some species are confined to a narrow range of environments. Consequently the very large area of occurrence of these stenobionomic species shows even more positively the relative uniformity of ecologic and lithologic environments in Al Hasa during the time that the Umm er Radhuma and Dammam formations were being laid down.
With the exception of the nearly azoic Rus Formation, most of the marls and limestones of the Hasa series are highly fossiliferous with great numbers of large benthonic foraminifera as well as smaller forms, they too mostly benthonic, and a number of ostracods. Based on the restricted stratigraphic ranges of a good number of these forms it has been possible to establish zones based on the latest occurrence of a given species. 
c. Fossil descriptions
Because of the great number of species found in the Dammam and Umm er Radhuma formations it was not possible to discuss those that seemed identical to those already known. However, the species that seem to be valuable as stratigraphic markers in Arabia are figured and their principal characteristics sketched.
New species are described in detail. Each is illustrated by several photographs. The specimens photographed were chosen to illustrate the range of variation for each species as defined by the author. Genus Nummulites LAMARCK, 1801 (1) Genotype: Nummulites laevigata (2) (BRUGUIÈ-RE, 1792) The following characters have been used to define the several species of Nummulites found in Arabia: (1) Size and general form; (2) type of septal filaments and their abundance; (3) presence, dimensions and placement of granules; (4) characteristics of the spire, dimensions of the step, the degree of regularity and the thickness of the spiral lamina and the number of whorls; (5) form, type and placement of septa; (6) shape of the chambers; (7) size and shape of the proloculum in megalospheric specimens; (8) presence and degree of prominence of the marginal cord, the existence and placement of pillars; (9) character of the test in axial section. 
LAMARCK; modern latinists confirm this view (MAC-FAYDEN & KENNY, 1934).
In order to present the several dimensional relationships of the species discussed the following rapid and convenient method of notation has been adopted. The first expresses in the form of a fraction the relationship of diameter to thickness. Because much of the fauna of older beds appears to belong to the Indo-Pacific province it was presumed that the nummulites too would be species found in this vast region. Test small, the diameter/thickness ( d / t ) ratio ranging from 2.1 / 0.7 to 2.6 / 1.1 , averaging 2.4 / 0.9 . It is thus relatively thick, the two faces nearly parallel but depressed near the poles and sloping abruptly near the edge so the periphery is obtusely rounded. Large granules (0.1 to 0.16 mm in diameter) cover nearly the entire surface. In some rare specimens the granules are almost completely absent. The granules are close together thus forming a spiral at the edge of the whorls, but this arrangement is not obvious in many individuals because of the great size of the granules. Their diameter is greatest in the central depressed region, where they cover most of the surface. This region occupies about one third of the diameter of the test. After weathering or special preparation septal filaments are visible near the periphery. There are 9-10 per quadrant; they are not visible in the central depression. The granules lie on the filaments or touch them. In certain examples are represented on the last whorl only by thickenings of the filaments themselves. Tangential sections show that the filaments are sinuous between the granules and are not necessarily unbroken in their continuations to the periphery.
The spire is regular, the relation w / d is 6.0 / 2.5 ; the step increases regularly in the first three whorls, and decreases only slowly thereafter. The mean step in the outer whorls is 0.25 mm. It decreases slightly in the last whorl of some specimens. The thickness of the spiral lamina is a quarter to a third of the height of the step, varying slightly in the same specimen. Septa are numerous ( s / w :
4 / 3 , 6-7 / 4 , 9-10 / 5 , 10-11 / 6 ) at the base inclined ten to fifteen degrees, then gently curved backward in the upper two-thirds thus forming an angle of 30 to 40 degrees with the outer spiral lamina. In the inner whorls the angle may be less. A tiny prolongation like the tip of a shoe pointing forward exists at the base of every septum. The chambers are nearly twice as high as long, except in the last whorl where length and height may be nearly the same (1 to 1.5).
The axial section shows clearly the approximate dumbbell shape of the test: the central area depressed and the extremities much thicker. The three early whorls are regularly involute with interlamellar spaces clearly evident except in the polar region where the third whorl melds with a thick lamina, depressed in the center, against which the spiral lamina forming the last three whorls abut. Interlamellar spaces exist between these outer whorls. Where these outer whorls join the thick polar lamina there are three large pillars, that exist at other points along the lamina of the outer whorls. The test is small (the d / t ratio is from 1.4 / 0.6 to 1.8 / 1 , averaging 1 .550 / 0.725 ), weakly lenticular with a small polar depression present on some specimens. The periphery is sharp, but the test faces are rather sharply angled where they approach the edge. Granules range widely in size and placement with the individual. Their diameter varies from about 0.08 to 0.10 mm. Septal filaments are visible only after weathering, 6-8 by quadrant, and with a sinuous course like that of the microspheric form. The proloculum is double: the two chambers form a flattened oval, the second slightly smaller than the first. The larger diameter of the initial chamber ranges from 0.05 to 0.075 mm. The spire is regular, the step increasing slowly to the periphery ( w / d : 4.0 / 1.6 ). The spiral lamina is thick, on the average half as high as the chambers. The septa are thick, at an angle of 15 to 20 degrees, with the upper half curved smoothly backward. Chambers weakly sickle-shaped, one and third times higher than long on the average, upper rear angle acute.
Nummulites cuvillieri
The axial section is dumbbell-shaped like that of the microspheric form, but the central depression is less marked. The first and second whorls are normally involute but the thick spiral lamina of the third and fourth meld. It appears that the fourth whorl is even more thickened; its inner edge butts against the large granules developed at the periphery of the depression, where its lamina thins and melds with that of the third whorl. Large pillars are present at the edge of the depressed region, and in lesser number continue to the edge of the test. They may be present in both of the outer whorls, or only in the fourth. Test small thick, flatly lenticular with a rather heavy marginal cord that produces an obtusely rounded periphery. The central portion of the test is slightly depressed in some specimens. The surface is covered with large granules (0.1 to 0.2 mm) arranged in a poorly defined spiral, but their number, distribution and arrangement vary. They are not larger in the central area. Septal filaments are visible only on worn tests; there are about 10 per quadrant. The granules are either on the filaments or touch them so the filaments are slightly wavy. Sometimes they thicken near the periphery. Proloculum very small 0.07 to 0.11 mm in diameter, double. The two chambers are a flattened oval, the first slightly larger than the second.
The spire is regular. The step increases rapidly in the first two and a half whorls, more slowly thereafter. In some specimens the step decreases slightly in the outermost whorls. The spiral lamina ranges in thickness from a quarter to a half the height of the chambers; it is constant, its thickness varying only slightly after the first one and a half whorls. The inclination of the septa is variable, sometimes they are vertical, sometimes they are at an angle of 10 to 15 degrees to the spiral lamina of the preceding whorl; commonly they are curved backward at 30 to 40 degrees in the upper third; the angle may be less in the inner whorls. At the base of each septum is a small, forward-pointing projection. Septa are numerous, spaced very regularly ( s / w : 4 / 2 , 5-6 / 3 , 7-8 / 4 , 9-10 / 5 ). The chambers are higher than long, but may be almost isometric in the outer whorls. The average ratio of height to length is 1.25 to 1. The chamber roofs are weakly arched, the posterior superior angle obtusely rounded.
The axial section shows that the spiral lamina and the interlamellar spaces are both rather wide, but decrease markedly in the central flattened area. Prismatic structure exists in the marginal cord, which is flattened and obtuse only in the last whorl. Pillars are sharply defined, but it is only rarely that they extend bet-ween two whorls. They may be either a long oval or pear shaped. In the outer whorl the spiral lamina is thinner and depressed in the central region where it is in contact with the preceding one. Some of the rows of granules are linked by lamellae. The interior whorls are swollen centrally because of the megalosphere.
This species resembles Form B of N. cuvillieri n.sp., but can be easily recognized externally because of the absence of a marked central depression and in section by the megalosphere. It is much larger than Form A of N. cuvillieri.
Range: Lower Dammam Formation, Al Hasa province.
Family Miscellaneidae SIGAL, 1952
Genus Miscellanoides n.gen. (3) The distinguishing characteristics of the genus Miscellanoides are defined in the following diagnosis: test nummulitoid in general aspect, but asymmetric, completely involute on one side, one or more outer whorls evolute on the other. The microstructure of the test is similar to that of Miscellanea, with a finely prismatic spiral lamina. The test being both involute and evolute causes it to be asymmetric (Convex on the involute side, concave or flat on the evolute side). The Miscellanea-like microstructure is, at least in the genotype, more clearly expressed on the convex side. As in Miscellanea there is no marginal cord, but it differs in that it there are no septal filaments. Test lenticular, asymmetric (younger specimens are more strongly asymmetric), one side slightly concave, rarely convex, the other always convex. The dimensions of fifteen presumably adult specimens ranges between 2.9 / 0.7 to 4.0 / 1.3 , averaging 3.2 / 1.0 . In the central region of the convex face there are 8-10 large granules that in some individuals form a poorly defined spiral. They may attain 0.25 mm in diameter and rise about 0.1 mm above the surface, although in the largest specimens they are considerably lower. In general ornamentation is less conspicuous on large individuals than on the smaller ones. Smaller granules (0.8 to 0.10 mm) continue the spiral from the polar area, completing up to a half or three quarters of a (3) This genus was described by SMOUT (1954) under the name Daviesina.
Miscellanoides bramkampi
full circle or even more in small specimens, thus marking the junction between whorls. The granules may be elongated radially, and in any event there diameter decreases as the spire continues toward the periphery. Finally they cannot be distinguished as such from the small granules that cover the remainder of the convex surface. These abundant small granules are about 0.03 mm in diameter, and seem to be distributed radially, at least in certain specimens. If the granules are slightly larger in some of these radial files, the surface of the test may appear to be grooved.
The polar region of the flatter face has 12 to 15 projecting, slightly asymmetric granules elongated in the direction of coiling and succeeded by progressively smaller granules also arranged spirally at whorl junctions for a total of 20 to 25. In many individuals here is no other ornamentation on this face, but in others radial lines of small granules mark the position of the septa. The periphery is undulate and quite sharp, particularly in large specimens. In general large granules are less well developed but surface granulation is more marked in the earlier representatives of this species. ). The septa are irregularly spaced, curved backward to 30 or 40 degrees in the upper third of their length; they are almost straight in some specimens. The step is regular, but in the outermost whorl the chambers may be up to five times as high as long. The roof the chambers appears rounded, the upper posterior angle more or less acute.
The axial section shows the spiral lamina to be finely prismatic as in Miscellanea. The big granules and papillae of the two sides seem to be coarse prismatic pillars. The central ones continue inward to the first whorl, but the smaller ones occupy only one whorl. The axial section shows again that that the test is thicker on the convex side, although the heavy pillars tend to obscure this feature, and that the successive whorls are involute. On the flatter more concave side, the last whorl covers only a portion of the preceding one as in Operculina. The first and second whorls are involute on both sides, but the spiral lamina of the third whorl is thinner on the flat side and overlaps only partially the preceding whorl, with pillars formed commonly where they join, so the surface of the second pillar is visible. Sometimes a lamella of the third whorl may overlap the second but is not a common occurrence. Note that comparatively the megalospheric generation is thicker than the microspheric. In large part this is due to the strong development of granules on both faces. In the central region of the convex face is a series of granules arranged in a poorly defined spiral. These granules attain 0.25 mm in diameter and rise above the surface of the test up to 0.1 mm. In small specimens the central pillar is larger. Smaller granules (0.05 to 0.08 mm in diameter start from the central region as a spiral following the boundary between whorls. They make up from a half to three-fourths of a complete circle on each whorl, even more on small specimens. They may be stretched out radially but become progressively smaller as they approach the periphery. In a number of specimens the remainder of the convex surface is marked by low radial ridges that give the surface a grooved appearance. In others the surface is less strongly marked by rows of granules less than 0.03 mm in diameter, but they too are arranged radially.
In the polar area of the flatter face is a group of 5 to 12 strongly projecting papillae, the largest generally over the proloculum, the others in a spiral along the junction of the whorls. They are succeeded by granules following the same course and decreasing in size, up to a total of 20 to 25. The papillae and granules may fuse to form a more or less continuous coating. The papillae rise up to 0.02 mm above the test surface and there mean diameter is 0.17 mm. Many are elongated in the direction of coiling. The rest of this face is free of ornamentation in most specimens, but a few have radial lines mark the trace of the septa. The periphery may be more or less rounded or sharp.
The proloculum is bilocular. Commonly the two chambers form a slightly flattened oval. The second is slightly larger with thick walls. The largest diameter of the first chamber ranges from 0.83 to 1.2 mm and the smallest from two thirds to three quarters of the other. Test asymmetrically lenticular, varying from biconvex to plano-convex. Generally the convex side is involute and the flatter side more or less evolute. The dimensions vary between 1.3 / 0.5 and 3.6 / 1.3 , averaging 2.1 / 0.8 . The periphery is rounded but rather acutely so in most specimens. On the convex side ornamentation consists of one to five rather large granules (up to 0.2 mm diameter) situated near the center. Smaller granules arranged in a weak spiral meld with the larger ones to form radial ridges giving a channeled appearance to the surface. The flatter side also has large granules near the center, set at the junction of the whorls and decreasing in size toward the periphery. Smaller granules. Sometimes joined to form ridges mark the trace of the septa in some individuals. Ornamentation varies widely on both faces.
The proloculum is bilocular, rather thick-walled; the two chambers are both flattened ovals. The larger diameter of the first chamber ranges from 0.13 and 0.18 mm. The second chamber is slightly smaller. The spire is irregular; the step increases rapidly but not consistently ( w / d : 2.1 / 2.6 , 3.0 / 2.4 , 2.0 / 1.5 ). The spiral lamina is rather thick, clearly prismatic in the outer whorls. The septa are straight at the base and nearly perpendicular to the spiral lamina; they may either be straight throughout or curved backward at 20 to 30 degrees in the upper half. Their spacing is somewhat irregular ( s / w :
3-4 / 1 , 4-5 / 2 ). The chambers are higher than long, their proportions varying from twice to four times as high as long.
The axial section shows the test to be thick and heavy with one or two massive polar pillars commonly extending to the proloculum, while the others are confined to one whorl. The spiral lamina of the last whorl does not ordinarily reach the central pillars on the flatter side, resembling M. bramkampi in this respect, but some specimens are involute on both sides. Test small, about 1.1 mm in diameter and 0.7 mm in height. The dorsal side is strongly convex. The central portion of the flat to slightly convex ventral side is occupied by a large number of tightly appressed pillars variable in shape and about 0.08 mm in diameter. The pillars are smaller near the periphery where a narrow imperforate band about 0.08 mm wide marks the edge. The pillars cover the junctions of the chambers in most specimens, but occasionally linear radial depressions mark their location. When this occurs the resemblance of the ventral side to that of Rotalia trochidiformis is striking. The aperture is a low arched slit, situated between the periphery and the center of the test. Generally it is covered by a thick prolongation of pillar-like material over the slight depression at the end of the final whorl. In a very well preserved specimen, a flattened oval opening formed by a prolongation of the pillars near the peripheral band leads to the aperture.
The spire is made up of three whorls; the proloculum is double, made up of an oval chamber about 0.08 by 0.05 mm and a second slightly larger chamber somewhat flattened; the two are bounded by a thick wall. In the peripheral whorl of a large specimen here are 10 to 12 chambers, each about 0.25 mm high, 0.24 mm long, and 0.20 mm wide. These dimensions decrease gradually toward the top of the spire. The septa curve gently back from their point of attachment in the direction of the preceding whorl. The test is coarsely perforate, the pore having a mean diameter of about 0.10 mm. The lamina is perforated everywhere, the septa not at all. The lateral walls are about 0.10 mm thick, thicker at the top where they reach 0.20 mm in the most robust specimens. In section the thick walls are clearly visible, but because of recrystallization this section gives little information concerning the inner walls of the chambers, and it was not possible to determine the manner in which the pillars and the chamber walls join. But it appears that there is no sharp break between them.
Ornamentation is variable. Its diverse forms reflect those of the variants of Lockhartia haimei. Some individuals have a vermicular network on the top, with no other ornament. In others the network is reduced in height and the sutures are limbate. Another variant with a low spire has papillae on top; these are similar in aspect to L. haimei. One variant is almost entirely without ornamentation of any kind. Another has a broad and heavy spiral bourrelet at the whorl junctions, the sutures being slightly depressed. All of these variants appear together and the first occurrence of the species is not above that of L. haimei. All of the characteristics of Rotalia jacobi suggest that it may be ancestral to the Lockhartia haimei group, and perhaps also, in view of the high rounded spire and large pores, to L. retiata.
Range: A few meters at the base of the Umm er Radhuma Formation concurrent with the appearance of L. haimei var. vermiculata.
Genus Lockhartia DAVIES, 1932
Characteristics of the genus Lockhartia:
The genus Lockhartia was established by DAVIES (1932, p. 406-407) to satisfy the need for a change in the classification of rotalid for aminifera to accommodate those forms that resemble the genus Dictyoconoides but do not develop intercalary whorls in the spire.
DAVIES defines the genus as follows: (4) "The test is calcareous, tubulated, trochoid, varying in outline from a low arch to convex on one side and flat on the other. Like Dictyoconoides, in the umbilical region where the tightly spaced pillars are in contact with the walls of the chambers, the spire is sharply differentiated. Umbilical pillars are continuous as in Dictyoconoides and cross the successive layers."
Other characteristics shared with Dictyoconoides:
"All of the whorls are visible on the upper surface and only the terminal ends of the whorls are visible round the periphery on the lower surface. The whorls are multilocular, the chambers being separated from each other by almost straight double septa, each pierced by a single oblong to half-moon slot where it abuts against the wall of the preceding whorl. (...) The chamber walls are partially embracing (as in the Assilines) on the dorsal surface, but are open toward the umbilicus where their terminal ends are claw-shaped and recurved upward. Lateral structures which seem to take the form (4) The quoted paragraphs are from the Transactions of the Royal Society of Edinburgh, vol. 57, pt. 2, n° 13 (1932) . SMOUT (1954) modifies the definitions of Rotalia and Lockhartia.
of irregular filaments of shell material are developed on both surfaces of the test. On the upper surface they are best developed at the pole, where they serve to cover the protoconch fairly thickly, but they apparently cease to be developed on the outer whorls. On the lower surface they continue regularly to be developed to the end of growth." DAVIES differentiates Rotalia LAMARCK from Dictyoconoides and Lockhartia by four distinctive structural characteristics:
1. The whorls are typically enveloping on the dorsal face whereas in Lockhartia they overlap only slightly.
2. The lower wall of the chamber develops transverse folds that result in depressions on the ventral surface that separate the umbilical part of each chamber from the peripheral portion, thus forming "astral lobes".
3. Umbilical pillars are discontinuous, while in Lockhartia and Dictyoconoides they are usually continuous. In one of his discussions DAVIES seems to doubt in some measure that the last mentioned has all the characteristics of Lockhartia; GILL indicates that the species is only a variant of Rotalia trochidiformis LAMARCK. In any case, L. conditi differs from the genotype in that the pillars seem to join the chamber walls instead of ending sharply; the umbilical region is filled with pillars larger and more closely appressed than in other Lockhartia. In addition the dorsal surface is completely unornamented.
Order of appearance and overall relationships of the species of Lockhartia in the Umm er Radhuma Formation
Most of the following discussion is based on the examination of cuttings, but the stratigraphic conclusions are supported by the findings derived from core and outcrop. The suggested lineages of species and varieties are obviously only interpretations, for they are based solely on variations in the form and ornamentation of tests. However, the interpretations are the result of the study of a large number of specimens. The stratigraphic levels of maximum abundance and the first appearance of each species and variety are facts and the evolutionary lines suggested are in accordance with these facts.
The oldest species of Lockhartia in the Umm er Radhuma is found in strata just above the lower limit of the formation. It appears to be related to L. haimei. The general form, the relatively flat ventral surface, the moderately convex dorsal surface, the coarsely porous texture, the tendency toward the development of an imperforate bourrelet at the junction of the dorsal and ventral walls of the chambers of the last whorl, the large number of small pillars that appear on the ventral surface, the shape of the chambers, all of these are in common with L. haimei. Because this variant has value as an indicator of stratigraphic position it has been named L. haimei var. vermiculata in accordance with the nature of the dorsal ornamentation.
This ornamentation is characteristic: thin walls encircle the large pores of the dorsal surface; they may be thickened and thus provide considerable relief on the test surface, and in some specimens form complex networks. This ornamentation varies greatly in detail. In many individuals the thickening of the walls is confined to the central part of the dorsal surface; in others it is covered completely. In some specimens these thickened walls coalesce; they form grains, elongated granules and U-shaped lines, thus presaging the more precisely defined patterns seen in slightly younger variants, while in others there is no coalescence and the thickenings are intricately interlaced.
Slightly above the succession in which L. haimei var. vermiculata is predominant another variety appears very abundantly. It appears to have developed from one of several less welldefined variants for intermediaries exist in an intermediate stratigraphic position. In this variety the mean diameter is greater than that of the preceding dominant variant although the proportions of the test remain about the same. The name L. haimei var. nudimarginata is proposed for this variety, easily recognizable from its dorsal ornamentation confined to the summit. The pores of the outer whorls thus open to view are smaller than those of the vermiculata variant and are not encircled. In most specimens ornamentation consists of granules or comma-shaped granules, or in U-shaped or elongate lines that tend toward a radial disposition. In some individuals the sutures are limbate, have some relief, and are imperforate.
This variety appears to have been the source of many others. One appears just above its level of its maximum abundance. It is called L. haimei var. suturadicata because the whorl junctions are marked by a thick imperforate bourrelet. In most individuals ornament is much more regular and uniform than in the varieties preceding it in dominance. Usually it is a series of elongate granules in the summit area, arranged more or less radially and attached to the spiral bourrelet. All ornamentation has a low relief. Almost all of the representatives of this variant are large in diameter and have a low spire. In its turn this variant gives way rapidly to others that are considered to lie within the range of variation of L. haimei s.s.
Although extremely polymorphic, L. haimei can be can be distinguished because of certain constant characters. Both elongated and round granules are confined to the central part of the dorsal surface, where, commonly, they are linked to the spiral bourrelet and form a radiating design. All ornamentation is heavy, coalescent and in high relief. In an extreme case it is 12 to 15 rounded and discrete papillae ranged on the spiral suture that is faintly marked by a narrow bourrelet.
Individuals with ornamentation identical to that of the holotype figured by DAVIES (1932, Pl. II, fig. 5 ) are infrequent and not much more common are specimens like those figured in his paper of 1937 (Pl. III, figs. 9, 11-12). Those that came from an argillaceous marl are most similar to those figured by DAVIES.
Thus the type of Lockhartia haimei represents but a small part of the variations grouped under that name here; nevertheless, all are easily recognized by the coarse and heavy ornamentation, not easily confounded with those described above. Many of these variations are in the direction of higher spires and the average size of these specimens is slightly greater than that of other variants of L. haimei, and they are also distinguishable through the presence of a very heavy bourrelet. These higher-spired forms occur only in the upper portion of the levels occupied by L. haimei and, because of this restricted range have been named: L. haimei var. spirachordata.
All of the many variations here included under L. haimei occur only in the lower half of the Umm er Radhuma Formation. The lower limit of occurrence of all named varieties is not known precisely, but the upper limit is reasonably well established. Their usefulness is demonstrated by the fact that the sequence of their occurrence was found to be the same in areas 200 km apart. The sketch (Fig. 7) suggests possible relationships among the variants and their relative abundance at a given level, not only for L. haimei but also for the other species of Lockhartia found in the Umm er Radhuma Formation.
A little above the level of the appearance of L. haimei s.s. another species of Lockhartia occurs, its range nearly the same. This is L. retiata, described below. The variation of this species with the longest range appears first and is easily recognized by its high rounded dorsal contour and its thick reticulate network around the pores, hence the name. The summit area is covered by thick raised and coalescent striae that may form papillae or interwoven bars. As in L. haimei, in the outer whorls of some variants the network around the pores is low and the pores themselves are smaller. In other variants with a tendency to finer, less gross ornament, the sutures between whorls are marked by narrow, imperforate raised striae, but a true bourrelet occurs only in those high-spired forms referred to the genus Sakesaria.
Another species with a slightly lobulate rather than a circular or weakly ovate periphery and with ornamentation reduced in importance is named Lockhartia lobulata nov. sp. Its range extends above those of L. haimei and L. retiata and it differs from them in several other significant features. The dorsal face is convex, the ventral one flat, or slightly convex. DAVIES' description of internal structure agrees with that of the Arabian specimens, except that in Arabia some individuals are more inflated (e.g. L. haimei var. spirachordata). The large bilocular proloculum is followed by two and a half to three whorls made up of chambers which increase in size gradually. The other characters of the spire are similar to those figured by DAVIES (1937) . The ventral face is covered by pillars, the largest about 0.1 mm wide, but the length and degree of appression vary; they decrease in size toward the periphery which is marked by an imperforate bourrelet that extends onto the ventral surface for about 0.1 mm. The aperture is not visible, probably partly covered by one or more of the pillars, but in a few specimens a low slit exists, almost covered by pillars, at the base of the outer face of the last whorl near the periphery. This may be the aperture.
Lockhartia conditi (NUTTALL) has
An invariable part of the dorsal ornamentation of Lockhartia haimei s.s. is an imperforate bourrelet at the junction of the whorls. It may or may not be raised above the surface. At the apex of the spire are papillae or radial bars commonly with a tendency toward coalescence. They are thickened, arranged like beads, and commonly form a spiral. This occurs because most of the elements of the ornamentation are sited where septa are in contact with the preceding whorl. However, this spiral arrangement may be unrecognizable. In almost all variants the trace of the septa is indicated by a thin band of imperforate material.
The variations considered to fall within the bounds of L. haimei s.s. are as follows:
1. The pattern of ornamentation is more complex; the elongated bars are less coalescent, thinner, intertwined, with radial striae developed parallel to those on the septa of the inner whorls. With this increase in the complexity of the ornamentation, considered a primitive trait, the size of the pores increases to as much as 18 microns in diameter. This description is referred to as variety "A". 2. Ornamentation is reduced to 10 or 12 papillae at the summit; the spiral bourrelet is not prominent in most individuals. This simplification is accompanied by a tendency to a reduction in the diameter of the papillae and an increase in the height of the spire. This is called variety "B". 3. The design is simplified, the bourrelet more important, with striae and papillae becoming only extensions of the bourrelet. This form evolves in the direction of L. haimei var. spirachordata. 4. The test is inflated, larger than the mean, with a relatively high spire; pores are large, and the ornamentation is mainly a spiral bourrelet, the papillae and bars being reduced to protuberances of the bourrelet. But striae exist on the septal traces near the summit and supplementary granules may be present. Other specimens have an elevated reticulation around the pores near the summit. These forms are variety "D". All of these varieties as well as the form chosen by DAVIES as the type of the genus are linked by intermediates, and all exist at the same larger stratigraphic level.
The variations of Lockhartia haimei to which names have been assigned have been found to have a restricted range and thus can be used as markers. They are discussed below in the order of their appearance starting with the oldest. This is the earliest form of Lockhartia haimei to appear. It is found in the lowest fifth of the Umm er Radhuma Formation. It is never very abundant. Its dorsal ornamentation is the key to its recognition. The test is of moderate size. The relationship between dimensions of ten specimens, some immature, varies from the average being 1 .32 / 0.78 or a ratio of 1.69. If a larger number of adults had been available the mean size would have increased. In general, the spire is fairly low, the convex base compensating in part for a low diameter/height ratio. Dorsal ornamentation is a complex series of narrow interlaced ridges around the pores, rising only slightly above the general surface (0.05 mm). The ridges may be coarse, sometimes thickened and coalescent giving the impression of worn-holed wood. This ornamentation may extend over the whole of the dorsal surface, or be confined to the first two whorls. If so, the pores of the last two whorls are encircled by even lower ridges. Occasionally the coalescence of the ornament near the summit is carried so far that the ridges appear as rather long broken lines irregular in their course. The pores average 15 microns in diameter, but vary considerably. Note that there is no spiral lamina, or any thickenings where it might have been present. Lockhartia haimei var. nudimarginata appears near the upper limit of the range of L. haimei var. vermiculata and persists for about twenty meters; the precise figure depends on the total thickness of the formation in any one locality, but in any event its duration in time was limited. In most individuals the base is flat; in a few it is slightly convex. In addition to some peculiarities in ornamentation this variety has a low dorsal contour. The dorsal surface rises abruptly from the periphery, but is flattened at the summit as may be seen from the mean diameter/height ratio -greater than either of those described previously, or that of the species s.s. as it is defined here.
Lockhartia haimei

Ornamentation is distinct from that of the two varieties already described. It consists of a spiral bourrelet at the whorl junctions and limbate sutures on the septa. The remainder of the ornamentation is a few slightly elongate and flattened granules near the summit or a small number of papillae in the same area located where septa meet whorl junctions. In this arrangement of granules and papillae the variety approaches a weakly ornamented L. haimei s.s. but is clearly differentiated by the flatter dorsal contour and the less prominent ornamentation. L. haimei var. spirachordata is recognizable at once because if its relatively high and swollen spire and one aspect of its ornamentation: a thick, wide and continuous spiral lamina. Measurements on fifty specimens showed the range of size to be 1.1 / 0.6 to 2.6 / 1.6 with an average of 1.67 / 1.04 or 1.60. Commonly the base is almost flat, only rarely strongly convex; Normally the dorsal face is arched and full and the ornamentation is a wide spiral lamina, slightly raised in the early whorls, less so in the outer whorls. A few elongated granules and low papillae mark the summit area. Most sutures are limbate This variety includes the largest representatives of the species.
Summation
All variations included, L. haimei ranges in size from 1 The character of the test that defines this species is a network of raised imperforate ridges around the pores. Where not complicated by thickening or coalescence, most commonly in the outer whorl, the low ridges form a pentagonal or rectangular rim around each pore. But the net is subject to great modification in several of the varieties described below. The d / h dimensions of fifty individuals ranged between 1.1 / 0.8 and 1.9 / 1.7 , averaging 1.49 / 1.15 or 1.29. The ventral face is flat to weakly convex. It is occupied by numerous pillars of uniform size. Most are irregularly rounded and appressed; most ranging between 0.05 and 0.08 mm in diameter, rarely larger; and a number are malformed, the exposed contour drawn out into a comma or U shape. The periphery is marked by an imperforate bourrelet, somewhat irregular in width, ranging in most specimens between 0.1 and 0.2 mm. The edge of the bourrelet on the dorsal side does not extend toward the apex uniformly, thus differing from L. haimei where the bourrelet is more or less uniform in width everywhere. In all of the specimens examined no aperture could be found.
The dorsal face of the specimen selected as the type is a high arch, with the portion near the periphery inclined inward from the vertical 15 to 20 degrees; in some specimens the dorsal face begins with a curvature toward the exterior before swinging inward. In the inner whorls the sharply defined ridges around the pores become thickened, some coalescent into papillae or interlaced in complicated patterns. The greater the amount of coalescence the simpler the pattern of ornamentation becomes. In some specimens this coalescence affects almost all of the dorsal surface, but commonly the outer whorl is not involved.
The proloculum of L. retiata is double, large in all of the examples sectioned. The first chamber is almost globular, from 0.12 to 0.20 mm in diameter; the second is 0.12 to 0.15 mm, and may be slightly teardrop-shaped upward. The dorsal wall is thickened and pierced by tubes up to 18 microns in diameter; they are separated by intervals about as wide as the tubes, occasionally even greater. The average thickness of the wall is about 0.20 mm, but in the final whorl may be reduced to about 0.05, which suggests that the thickening occurs after the wall is first constructed.
The ventral wall of each whorl is imperforate and is slightly thinner than the outer wall. The wall is flattened on the inner side and a small hook-shaped process extends dorsally, undoubtedly touching the base of the preceding whorl, which itself may have a downward extension not always discernible in the sections. The inner portion of the spire is filled by a mass of test material which appears to be mainly solid pillars elongated more or less vertically and more numerous near the base. Mixed with these pillars are masses of test material generally somewhat plate-like, arranged at various angles with many more or less horizontal. The whole assemblage is clearly discrete from the spire itself. In one section the granules on the ventral surface appear to be hollow, but this may be only a stage of growth.
The septa are rather thick, curved backward dorsally, thus forming an angle of about 35 degrees with the spire; communication between chambers is through an elongate opening near the inner edge of the septum of which the contour follows that of the outer wall of the preceding whorl. In the last whorl this opening is about 0.16 mm long and 0.05 mm wide, sometimes larger at the base and thus triangular. Opposite these openings that permit communication between chambers is a smaller oval to round hole that opens on the central pillarfilled mass. The greater diameter of this opening is from 0.030 to 0.050 mm for it may be elongated vertically.
The chambers of the last whorl are 0.3 to 0.4 mm wide and 0.4 to 0.7 mm high varying according to the size and complexity of the specimen. The chambers of the inner whorls are progressively smaller toward the proloculum. The reduction in size may be due in part to the addition of material to the inner surface of the outer wall as growth proceeds.
The spire is regular: 6 to 7 chambers in the first whorl, 11 to 12 in the second and 12 to 15 in the third. The whorls overlap more or less in concordance with the height of the spire. Highspired specimens may have four whorls, but the average is three and a half.
Variation in several directions took place in this species as in all of the other forms of Lockhartia. In one variety ornamentation is reduced to a comparatively simple arrangement: thick papillae and bars at the center; an intermediate zone on the second whorl of fine ridges around the pores and the third whorl with smaller pores and thin, imperforate lacelike sutures marking the position of the septa. In this group the spire remains as it is in the type. In a second variant the last whorl is unornamented except in a few specimens that are weakly limbate and the pores are large (up to 18 microns). In both of these the central ornamentation is highly coalescent and strong, often with a spiral design. At the same time the test elongates, the first and second whorls being "pulled out" so that the arch of the dorsal surface becomes more acutely angled. There is a tendency toward the development of a spiral lamina which is thin and discontinuous but thickened into nodules where the septa meet the edge of the preceding whorl. At the same time the thin walls around the pores become prominent in the first two whorls and project even more in the third. With an elongation of the spire a little more marked and with several whorls added in the adult, this variety would become Sakesaria nodulifera n.sp.
In still another variation, all of the summit ornament is coalescent. The spire elongates somewhat, but in this form the coalescence is expressed as a spiral lamina marked with ridges and papillae, forming a more or less complex ornamentation. All is in high relief, and in the most diverse form a trellis made up of small ridges appears between the heavy spiral lamina. With secondary ornamentation reduced, together with an increase in the prominence of the spiral lamina at the whorl junctions and a slight augmentation of height in the spire (still rounded) would lead to Sakesaria tereta.
Probably Sakesaria trichilata developed from a variant of this type, with the secondary ornamentation a heavier trellis and stronger horizontal bars, but the intermediate forms that would confirm this hypothesis were not found. This species may have been derived from a source common to it and L. haimei, but the two share no characteristics except for similar ornamentation in the central portion of the dorsal region. The same remark can be made regarding L. retiata, but here the relationship is closer because of the existence of large pores in both. The geographic distribution of this species is restricted and only a few specimens were available for study, although it is fairly common in some localities. In eight individuals the d / h relationship ranged from 1.2 / 0.7 to 1.7 / 1.0 , averaging 1.35 / 0.82 or 1.64. The specimens to hand have three and a half to four whorls with 14 to 15 chambers in the outer whorl in the larger specimens. The larger examples are all microspheric and in general their ornamentation is more complex than that of the smaller ones most of which are megalospheric (from a study of Libyan representatives of the species). The ventral surface is weakly concave in most individuals, the central portion covered by round granules rather widely separated and ranging up to 0.1 mm in diameter. Some of the granules are smaller near the periphery and the area adjacent to it is free of them. This peripheral region differs greatly from that of L. haimei and L. retiata in that there is no imperforate bourrelet; in this absence it resembles L. tipperi.
The dorsal surface is arched, but the flanks are almost flat so that the summit is angled rather than rounded. However, the junction of the dorsal and ventral surfaces is a well-rounded curve. Ornamentation near the summit is a series of low radial ridges and papillae, on the whole somewhat irregular and coalescent. The remainder of the dorsal surface with the exception of the last whorl is covered by a coarse rectangular or pentagonal, slightly raised net of imperforate material grosso modo arranged like a honeycomb, the spaces between the meshes ranging up to 0.07 mm in the greater dimension. The outer whorl has a finer net around each pore, about 0.02 mm maximum diameter. Sutures in the outer whorls are marked by a slight depression and an increase in the size of the meshes, thus resembling somewhat the lacelike ridges on the sutures of some variants of L. retiata. In most specimens the depression at the sutures gives a weakly lobate aspect to the periphery, hence the name.
A single axial section shows that the dorsal and the ventral walls of the chambers are pierced by tubes. With only a few specimens to hand it was not prudent to attempt more sections. The dorsal wall is thinner in the outer whorl and the ventral wall is thickened. A proloculum is lacking but the form of the test suggests that it must be large (5) . The central mass of pillars is not clearly defined, the most that can be said is that it seems more ordered than that of L. retiata. The chambers are clearly separate from the central cavity. This rather large species is highly polymorphic, as much in form as in structure and ornamentation. Form A specimens are always strongly biconvex, but Form B may be flattened on both dorsal and ventral faces. Including both forms, the diameter ranges between 0.7 and 3.8 mm, thickness from 0.4 to 2.2 mm. Form B appears to have a mean d / h of about 2.4 / 1.38 an average slightly less than that seen in India and British Somaliland. Near the upper limit of the range of this species which is that of the Umm er Radhuma Formation, the A Form predominates A specimen 2.6 mm in diameter has six whorls; larger ones have 8 or 9 whorls. The step increases rapidly; chamber height is 0.06 mm in the first whorl, 0.22 in the third whorl, but slows thereafter: 0.24 in the fifth and from 0.26 to 0.28 in the final whorls. In the sixth whorl of the specimen discussed there are 20 chambers, each about 0.4 mm long, 0.26 mm high and 0.52 mm wide; the spiral lamina is about 0.045 mm wide in the outer whorls, less in the inner ones.
The dorsal surface is ornamented. There are a variable number of rounded papillae from 0.06 to 0.18 mm in diameter arranged along whorl junctions, so they form a spiral, apparent only in some specimens because the papillae are so large. The papillae of Form B are higher than those of the megalospheric form and may attain a relief of 0.15 mm. They are present only rarely on the outer whorls of the adult. In general they occupy only half the diameter of the test; in the A Form they occupy three-quarters or more of the test surface. In some specimens near the bottom of the range there are striae extending from the papillae over the septa. Most of these early representatives have small papillae (0.06 mm) so their arrangement in a spiral is evident.
The ventral face is always convex, more strongly so in the A Form. The ventral surface of the chambers of the last whorl forms a marginal belt around a circular central area filled with pillars. This belt occupies more than half of the radius in small specimens, but only a tenth of it on very large individuals. The pillars vary widely in outline; rounded, rectangular, oblong, square, U-shaped. Their major axis is between 0.10 and 0.20 mm in length, slightly less near the marginal belt.
A meridian section reveals the simple nature of the spire: whorls are added almost without overlap on the dorsal side and on the ventral side are clearly separate from the umbilical region, filled with pillars and transverse layers, together making up a compact mass.
In accordance with a remark made by M. J. CUVILLIER the chambers of small and large specimens were investigated in more detail; it was evident, as indicated above, that Lockhartia tipperi has both megalospheric and microspheric forms, a fact unknown previously. The proloculum of Form B is small, round unilocular, the mean diameter less than 0.04 mm, whereas the proloculum of Form A is "double", relatively large, the two chambers together having a diameter of about 0.12 mm. Taken separately the first chamber attains 0.06 mm, the second may be slightly the larger in some specimens.
The two forms can be distinguished without recourse to sectioning. The mean diameter of twenty specimens of Form B taken from one 2 meter sequence is 2.39 mm, the height 1. 
Genus Dictyoconoides NUTTALL, 1925b
Dictyconoides kohaticus (DAVIES), Form B
Dictyoconoides kohaticus is well represented in Arabian deposits; it is very abundant in certain outcrops of the lower Dammam Formation, somewhat less so in the upper portion. Arabian specimens are varied in dimension and proportions, the largest found being very flat and thin with a d / h of 14.5 / 2.1 . In general the diameter is about a centimeter and the height around 2.0 mm. In some variants that appear relatively high in the succession the dorsal surface is covered with large granules, more numerous near the apex and somewhat elongated radially, while in others at the same levels an unweathered dorsum is smooth. Perhaps the granulose specimens should have been named because the test seems to be slightly thicker than that of the typical forms, but in the individuals seen there are no other distinctive characteristics.
Most specimens are not distinguishable from the type described by DAVIES. Their description need not be repeated here.
Dictyoconoides kohaticus (DAVIES),
Form A nov.
Pl. 4, figs. 22-24
1952. . Some specimens occurring with the granulose microspheric form are ornamented with irregularly rounded granules; commonly they are near the apex, but continue down the slope a variable distance; they attain 0.2 mm, but most are smaller; the largest granules are over the proloculum; a few individuals have only one or two in that area. Some granules are elongated radially.
The central portion of the ventral face is occupied by a large number of small pillars, slightly elongated in one direction, but well separated, averaging about 0.1 mm in diameter. The ventral surface of the last whorl extends 0.2 to 0.3 mm into the ventral area forming a belt around the pillars. The peripheral region is not thickened by an imperforate band. The septa are sometimes marked by sutural depressions visible on both the dorsal and ventral faces.
The proloculum is large, 'double,' eightshaped because the two chambers are ovals flattened on one side. The greater diameter of the first chamber ranges from 0.13 to 0.18 mm, and the second chamber is slightly larger. The proloculum walls are thick. In axial section the sectioned specimens have six whorls. The chambers of the sixth whorl are 0.33 mm high, 0.20 mm wide and 0.37 mm long. Near the apex chambers are shorter and consequently relatively higher. The inner side of the chamber wall is thickened and curves upward in a hook that joins the preceding whorl at a considerable distance from its base. At the top the dorsal wall is about 0.2 mm thick, but decreases to about 0.05 mm in the sixth whorl. It is very finely porous.
The umbilical region is occupied by ten to fifteen very large continuous pillars (visible in the section) that fill the space below the spire and are not completely discrete, for horizontal lamina unite them and the chamber walls. Like the dorsal wall, the ventral wall too is finely porous. Structure similar to that of Lockhartia, from which the genus differs only in the extreme elongation of the axis, representing an excessive degree of specialization about one pole. Umbilical space much reduced, the number of umbilical pillars greatly decreased.
This definition is amplified in the reference cited (DAVIES, 1937, p. 49-50) in his discussion of the genotype, Sakesaria cotteri. This species is abundant in the lower Eocene portion of the Umm er Radhuma Formation, along with a number of variants, all of which occur together. These are discussed in some detail in the description of the species as it exists in Arabia. As DAVIES says, Sakesaria cotteri is clearly related to Lockhartia, but among the variants found there is no real evidence of the lineage. Perhaps this is due to an environment in Saudi Arabia unfavorable to both Lockhartia and Sakesaria (Rus Fm.) before Sakesaria could flourish there again.
Relationships between Lockhartia and Sakesaria
Study of an abundant and well-preserved fauna demonstrated the close relationships of Lockhartia and Sakesaria. Lockhartia retiata nov. sp. includes variants that progressively approach Sakesaria. They seem to have been forerunners of two discrete species of this genus. They are described below, but it may be helpful to summarize these findings here. Illustrations of some variants are on Pls. 4 and 5.
Shortly after L. retiata appears, variants are found in which the coarse mesh around the pores does not cover all of the dorsum. Instead finer pores without a mesh exist on the final whorl. On some of these specimens the sutures become limbate with a narrow but heavy stria on each septum and in others a lacelike 'remnant' of such striae occurs. In still others the network is heavier on the last whorl and at the summit the striae tend to coalesce and to form a radial but spiral ornament as in L. haimei. This variability of ornamentation is accompanied by changes in the height of the spire, but the relationship of one to the other is slight, although most of the higher-spired forms have relatively simple ornamentation. Some specimens with a heavy, simple ornament and a relatively high spire have a rudimentary bourrelet at the junction of the last two whorls. Transitions link this variant to incontestable Sakesaria, high-spired and with a complete bourrelet on the whole length of the spiral suture. In this form, named Sakesaria nodulifera nov. sp. every whorl overlaps the preceding one slightly. An irregularly-shaped nodule at the junction of whorl and septum is always present, but its shape and size vary widely.
Another, slightly different but discrete species of Sakesaria occurs at the same levels. In this variant ornamentation is reduced. It consists only of a thickened bourrelet along with the coarse reticulation reduced in importance. In the intermediaries to this species increase in the height of the spire appears to be accompanied by a thicker bourrelet, and at the same time a reduction in other ornamentation. The resulting Sakesaria has a lower spire than S. nodulifera and is easily distinguishable at every stage of its growth. This relatively low-spired entity is named Sakesaria tereta n.sp.
Sakesaria cotteri DAVIES is most abundant in the upper fourth of the Umm er Radhuma Formation and is not found in association with the two species named above. In Arabia the course of its evolution cannot be traced but is nearly certain that it, like the others, was derived from the genus Lockhartia, perhaps through an intermediate form of Sakesaria.
The form, size and ornamentation of S. cotteri vary within broad limits in the diameter / height relationship as well as in ornamentation. Creation of named varieties is not required for all are found at every level. and named variants would have no stratigraphic significance. In general large specimens (height/diameter almost 3 to 1) lose ornamentation on the last two whorls.
The oldest specimens found show the complete range of variation in the height/diameter gamut, but ornamentation is restricted to striae on the septa and there is no bourrelet. A little higher in the succession some variants have heavier striae that form ridges but in others they disappear completely. Farther up all individuals are heavily ornamented and the pattern becomes irregular (discontinuous striae and papillae), or, on the contrary form a continuous bourrelet. Near the upper limit of the species ornamentation is restricted, striae may be replaced by isolated papillae and no bourrelet is present.
Thus it is possible to get a vague impression of stratigraphic position through the dominant type of ornamentation, but the other variants are always present and the transition from one to another is gradual.
A third group of Sakesaria exists in the Paleocene-lower Eocene of coastal Saudi Arabia with a more extensive geographic distribution than those already mentioned. It appears at about the same level as Sakesaria nodulifera. It too seems to have originated with Lockhartia retiata but no intermediate forms that trace the transition.
The distinctive characters of this species are: its form grosso modo more elongate than those mentioned (Increase in height of successive whorls more pronounced); its ornamentation, which although coalescent in some specimens, is in the form of a trellis that is commonly confined to the early whorls. In many individuals the last whorl is finely porous, and in a considerable proportion of these, lacy limbate sutures are concurrent; this tendency exists also in Lockhartia retiata. The range in the proportions of the test is large.
The upper limit of this species, Sakesaria trichilata n.sp., extends into the lower part of that occupied by Sakesaria cotteri. One of its many varieties occurs in almost half of the Umm er Radhuma Formation, excluding the upper and lower fourths.
Another species of Sakesaria occurs in the Umm er Radhuma Formation. It is conical, diameter and height almost equal, and thus easily recognized by this shape and its weak ornamentation. The surface is finely perforate and all but smooth, with some low irregular nodules, perhaps traces of heavy suture delineation that may have been present in its ancestors. The spiral suture is a little depressed in most specimens. This species, Sakesaria abornata nov. sp. is restricted both geographically and in range. It appears over a few meters at the upper limit of the range of Lockhartia haimei. It has been found only rarely in the coastal portion of Al Hasa province. Sakesaria tereta n.sp.
Pl. 5, figs. 42-45
1952. -Sakesaria tereta n.sp., SANDER, p. 199-200, Pl. XII, figs. 6-9.
Sakesaria tereta was derived from Lockhartia retiata through elongation of the axis of enrollment together with a reduction in ornamentation. Numerous intermediaries link the two genera. The species is recognizable at once because of the obtuse rounded apex, never acute as is common in other species of this genus, by the relatively low spire and the thick, heavy bourrelet that maintains a uniform width throughout its course on the spiral suture. The height/diameter relationship measured on forty specimens ranged from 1.0 / 0.9 to 1.8 / 1.6 , average 1.42 / 1.33 or 1.06. As these figure show, the shape is squat and broad as the spire reaches nearly its maximum width in the third whorl. Most adults have only four whorls. The base is moderately convex and has an imperforate peripheral thickening; the pillars reach it without an appreciable decrease in diameter (average about 0.08 mm), with the proviso that the arrangement is not complicated by an increase in the length of some pillars that intertwine and become U-shaped as in certain Lockhartia.
The dorsal ornament is a heavy bourrelet, continuous from top to bottom, occasionally supplemented by elongate thickened granules or papillae arranged radially on the apex. Other less conspicuous motifs are of two types: grooves marking the position of the septa and a raised net around the pores. This secondary ornamentation is present only near the summit and rarely extends past the third whorl. There are 12 to 14 chambers in the third and fourth whorls of a large specimen; they are 0.5 mm high, 0.3 mm long and 0.3 mm wide. The septa are at an angle of 30 to 40 degrees to the vertical, inclined backward and slightly curved inward. The double wall of the septum separates where it joins the base of the preceding whorl.
The axial section shows that the test is coarsely perforate and that the dorsal wall is thick (up to 0.2 mm), thinner in the third and fourth whorls. The lower wall of the chambers is 20 to 30 degrees from horizontal and slightly thickened interiorly. A tangential section shows a 'double' proloculum of moderate size. The two chambers, both a flattened oval, are almost equal in size with the greater diameter about 0.1 mm.
Range: Lower third of the Umm er Radhuma Formation. As mentioned, Sakesaria nodulifera is undoubtedly related to Lockhartia retiata. Ornamentation is identical, but the spire is much higher. As in all species of Sakesaria dimensions vary considerably, but in general the spire is rather high, particularly in those specimens from near the upper limit of the range. The dimensional relationships of fifty specimens varies from 1 In most specimens the spire grows rapidly for three whorls, the rate of increase so great that in some individuals the spiral lamina appears step-like. In the fifth and six whorls growth almost ceases. On the periphery is a thick imperforate band up to 0.25 mm wide. The base may be strongly convex or almost flat, according to the stage of growth; in most adults bases are strongly convex. Pillars may or may not be arranged in a complex manner; in general they are more complex in individuals from the upper end of the range; their diameter averages 0.08 mm when they are not elongated.
Sakesaria nodulifera
Ornamentation is mainly heavy nodules placed at the junction of septa with the spiral suture. If the nodules are heavy enough they may join to make a scalloped ridge at the whorl junctions. In addition the septa may be marked by ridges that link with the bourrelet. However, ornamentation is usually simple and is never very complex. As the septa are inclined at about 25 degrees the ridges on them are at the same angle. There are 12 to 14 chambers in the fourth whorl of a large specimen. There are openings between the chambers: they are rather large half-circles (0.1 mm diameter) on the inner wall of the septa; the ventral walls of the chambers appear to be in contact with the central mass of pillars; only a thin wall separates pillars from the inner side of the chambers, so that the openings in the septa form a continuous spiral tunnel around the pillars. This thin wall has an opening into each chamber as in L. retiata. The septa are double-walled and the walls separate dorsally in a regular curve to join the preceding whorl.
The axial section shows a small round proloculum (about 0.09 mm in diameter) with thin lateral walls (0.05 mm thick); in contrast, the ventral walls of the chambers are very thick (0.25 mm) and on their distal ends are the projections giving the impression of very rapid growth in each successive whorl. In fact each whorl is set slightly outside the preceding one. The thick ventral walls of the chambers seem to be imperforate. The central mass is well defined in the figure, with some fairly long pillars in the lower part. The first four whorls of the spire grow rapidly, but it is constant thereafter or decreases slightly in the final whorl of very large specimens. The form varies from that of a rather pointed cone (diameter/height ratio 1.87) to that of a low, squat cone (diameter/height ratio 1.11). The ornamentation is equally variable, but in the pattern considered typical thick vertical ribs cover the entire test, except in the last whorl where nodules extend laterally from the spiral lamina. These ribs are linked by less prominent horizontal or diagonal ribs. In another pattern two sets of bars are equally developed: one common variant shows a quadrilateral or pentagonal on which the vertical component is thickened over the septa in the early whorls. In others the diagonal components of the trellis are the most prominent. There are many other variations, but the robust test and the generally reticular aspect of the ornamentation form an easily recognized whole. In this species of Sakesaria the ventral pillars (like those of S. cotteri) are very elongated, interlaced, and at the ventral surface form convoluted shapes similar to those in Lockhartia. On the last whorl of some few individuals there are traces of thickenings resembling those of L. retiata. The axial section reveals that more than half of the diameter of the test is filled by a central confused mass of pillars. The dorsal wall is thick (0.12 to 0.17 mm) the thickness decreasing slightly in the lower whorls. The chambers are much higher than long, the approximate proportion in the second whorl being two to one. The ventral wall of the chambers is thick, imperforate (0.10 mm), and short, inclined at a downward angle of about fifty degrees and enlarged toward the periphery. A thin wall apparently separates the inner edge of the chambers from the area and is joined to the dorsal wall of the chambers, but this connection is not well defined. The proloculum is large, "double". The two chambers are about equal in size, oval, with the greater diameter about 0.11 mm.
Range: Middle third of the Umm er Radhuma Formation. Sakesaria abornata n.sp. Pl. 5, fig. 51 1952. -Sakesaria abornata n.sp., SANDER, p. 205, Pl. XII, fig. 16 . This species is rare so only two specimens are to hand. It differs from all others described here. Height and diameter are about the same, each slightly greater than 1.2 mm. The spire is cone-shaped, the spire growing rapidly throughout the four whorls; the base is almost flat, the proloculum slightly off center. Ornamentation is meager. However several unfigured specimens have low, poorly developed nodules at the junction of the spiral lamina and the sutures. There are 12 chambers in the last whorl of large specimens; each is about one-and a-half times as high as long; a slight depression marks the position of the sutures in the final whorl. The septa are inclined toward the origin of the spire at about thirty-five degrees to the vertical. In some specimens the conical shape is twisted in the last whorl.
The ventral surface is covered by many small pillars, not over 0.5 mm in diameter, but widely spaced and somewhat irregular in shape. A marginal region exists in which the base of the last chambers is visible. It varies in width, but the maximum is 0.2 mm. The lack of ornament and the small size of this species make it easy to recognize.
Range: Upper portion of the lower half of the Umm er Radhuma Formation.
Sakesaria cotteri DAVIES, 1937
Pl. 4 DAVIES defined this extremely variable species from a small number of specimens, or at most from a selection of varieties that do not demonstrate the great diversity of the Arabian fauna. He hardly mentions the wide range of height/width dimensions or the enormous variety of ornamentation apparent at first glance in Arabian examples. As mentioned, a number of trends in variation may be traced, but all are linked by intermediate forms. Stratigraphic position can be estimated grosso modo on the relationships and relative importance of some varieties; but it is unlikely that this could be done in widely separated areas for it is doubtful that evolutionary processes would occur with the same rhythm and in precisely the same trends in discrete geographic provinces.
The first Sakesaria cotteri to appear have a low spire, the form of the test depending on the diameter of successive whorls and the degree of overlap between them. All are a relatively obtuse cone, which sometimes appears to be slightly truncated. The base varies in degree of curvature, but is commonly rounded, flatly obtuse. Ornamentation consists mainly of low, imperforate striae, and sutures more or less in relief, on occasion linked and continuous on the early whorls. Thirty-five specimens of this type with an origin near the first appearance of the species have a height/diameter relationship of 1 At a little higher stratigraphic level, ornamentation on the chambers is more pronounced on almost all specimens; it has a high relief and may join between whorls to make continuous striae over the length of the test. In others, beads and nodules occur on the early whorls and the relief of the striae lessens on the final whorl. The height/diameter relationship increases markedly and some specimens show an extreme elongation. In most of these elongated forms the relief is lower on the last two whorls. In addition to the general tendency to elongation of the axis of coiling, the diameter of succeeding whorls may decrease; in other words the summit angle becomes even more acute. In the upper part of its range ornamentation becomes discontinuous; it resembles that of the earliest variants, but with more prominent nodes and beads. Forms with striae over the length of the test are rare. In general, the summit is covered by raised papillae with a relief of 0.12 mm and a mean diameter of 0.08 mm. On the larger whorls short and thick striae of variable relief occur grading in one direction toward thick nodules and in another to low thickenings on the sutures. In addition the two with tendencies toward discrete forms of ornament also vary in dimensions, the one toward a low spire, the other to a high spire, but intermediates to both tendencies exist. 
